The components of the molecular codes needed to specify the different neuronal populations present in the basal neural tube are being identified. These codes become more intricate as we move to more anterior regions of the central nervous system. The aim of this study is to thoroughly analyze the expression pattern of Nkx6.1, Nkx6.2, and Pou4f1. These three genes are candidates to play an important role in the determination and differentiation of the basal nuclei of the mesencephalon and diencephalon. The results obtained have shown that there is a longitudinal domain positive for both Nkx6.1 and Nkx6.2 that is medial to the Pou4f1-positive red nucleus. This domain could correspond to part of the reticular formation, which extends from the diencephalon and the mesencephalon. The nuclei integrated in this domain would be the rostral interstitial nucleus, the interstitial nucleus of Cajal, and a mesencephalic equivalent to these nuclei. Developmental Dynamics 239:2094-2101,
INTRODUCTION
Recently molecular biology techniques have been used to improve the morphological studies of the developing nervous system. The aim of recent studies has been to uncover the molecular mechanisms involved in the specification and differentiation of the diverse neuronal populations. In the caudal nervous system (spinal cord), the molecular factors and morphogens necessary for the development of the different neuronal subgroups are already well analyzed. The Nkx family of transcription factors is involved in the specification of ventral neuronal populations (McMahon, 2000) .
This family belongs to the class II homeodomain factors induced by the Sonic Hedgehog signal (Shh; Ribes and Briscoe, 2009) . Shh is the morphogen responsible for the generation of the ventral neural tube (floor and basal plate; Litingtung and Chiang, 2000) . Its graded signaling (Dessaud et al., 2007; Chamberlain et al., 2008) together with the dorsalizing morphogens from the roof plate (Lee and essell, 1999) generates a unique positional code for the immature neuroblasts. This code is then translated into a different combination of transcription factors expressed in different dorsoventral domains (Briscoe et al., 2000; Ribes and Briscoe, 2009 ).
Finally, each combination gives rise to the specific neuronal subtypes present in the adult nervous system. Therefore, the combination of transcriptional factors needed to specify a particular subtype of neuron in the ventral spinal cord is virtually known (Lee and Pfaff, 2001; Ribes and Briscoe, 2009) . When this knowledge is applied to more rostral regions of the nervous system, some difficulties arise. First, the rostral nervous system develops a highly complex morphology when compared with the spinal cord and, second, the expression domains of the same factors are not as well known and display a rather complex pattern. In the last few years, we have focused our work in the study of the genetic mechanisms involved in the development of the basal midbrain (Perez-Balaguer et al., 2009; Prakash et al., 2009 ). This structure comprises important neuronal populations such as the sustantia nigra, the oculomotor complex, and the red nucleus among others (Puelles, 2007) . In the search for transcription factors implicated in the differentiation of the red nucleus, we identified Nkx6.2 as a good candidate to play a role (Perez-Balaguer et al., 2009 ). It displays a highly similar sequence with Nkx6.1; both of them belong to a family with a well-known function in the specification of basal neuronal populations (Vallstedt et al., 2001; Puelles et al., 2001; Pattyn et al., 2003) . It was described that in the mouse, Nkx6.2 is expressed in the basal hindbrain and midbrain (Qiu et al., 1998) . We analyzed its expression pattern in relation with the mesencephalic basal plate. The results obtained revealed a complex expression pattern with domains in the telencephalic vesicle (as seen in Stenman et al., 2003) , in the area of the optic peduncle, an alar domain in the midbrain (none of them described before), a longitudinal domain in the basal diencephalon and midbrain, and several basal domains in the hindbrain (as seen in Qiu et al., 1998) . The finding of non-previously described expression domains prompted us to analyze in detail the expression pattern of Nkx6.2 together with other transcription factors related to the development of the murine midbrain.
RESULTS AND DISCUSSION

Early Nkx6.1 and Nkx6.2 Expression in the Midbrain
At the embryonic stage E9.5, NKx6.2 is detected in two main areas. One is present in the hindbrain as a longitudinal domain and it is localized in the basal plate. The second is detected in the midbrain, also as a longitudinal stripe. In the whole embryo and in sagittal sections, at this stage it is not easy to realize if this expression is located in the dorsal or in the ventral part of the mesencephalic neural tube (Fig. 1A) . These domains seem to coincide with the expression of Nkx6.1 (Fig. 1E) . However, the mesencephalic expression of Nkx6.2 seems to be dorsal to the expression of Nkx6.1. In order to determine the precise location of Nkx6.1 and Nkx6.2 in the midbrain, we sectioned the embryos in a transversal plane to the mesencephalon. At E9.5, the Nkx6.2 expression (Fig. 1I) is clearly dorsal to the Nkx6.1 expression (Fig. 1M) . When both expressions are superimposed (Fig. 1K) , they seem to delimit the alar-basal boundary (arrow in Fig.  1K ) although some cells seem to intermingle. At E10.5, the expression of Nkx6.2 and Nkx6.1 is maintained in the midbrain and the hindbrain (Fig.  1B,F) . See Supplementary Movie S1 (which is available online) to have a tridimensional view of Nkx6.2 expression at E10.5. In sagittal sections, the localization of the Nkx6.2 mesencephalic expression in the alar plate becomes obvious. In a midsagittal section, we can only see the Nkx6.2 expression in the hindbrain, and in the area of the optic stalk (Fig. 1C) Nkx6.1 appears weaker close to the midline (Fig. 1G) . We can now observe, as we move laterally, that the Nkx6.2 expression in the midbrain is more lateral than the expression of Nkx6.1 (compare Fig. 1D with H). The expression of Nkx6.1 shows a gap in the isthmic constriction (arrow in Fig. 1H ). The Nkx6.1 darker areas in the midbrain and hindbrain correspond to the early born motorneurons of the oculomotor (midbrain) and trochlear (hindbrain) nuclei (Fig. 1H) . At E10.5, the alar-basal limit between Nkx6.1 and Nkx6.2 appears to sharpen, nevertheless some Nkx6.2-positive cells are located in the mantle zone of the basal plate (arrow in Fig.  1J ). Similarly, some Nkx6.1-positive cells are detected in the alar plate (Fig. 1N) . The overlap of the two expressions now shows a clear limit (dotted line in Fig. 1O ) that corresponds with the alar-basal boundary. At E11.5, the expression of Nkx6.2 in the basal plate is now stronger (arrow in Fig. 1L ). The alar domain shows a dorsal elongation parallel to the isthmic constriction (arrowhead in Fig.  1L ). Nkx6.1 maintains a similar expression pattern (Fig. 1P ). The two genes seem to localize in the same basal area of the mesencephalon and diencephalon.
It was previously described that at the early stage E9.0, these two genes partially co-express and from E9.5 onward they refine their limit in the dorsoventral axis (Prakash et al., 2009 ). The appearance of Nkx6.2-positive cells in the mantle zone of the basal plate from E11.5 could have two possible explanations. First, these neurons could originate in the ventricle of the basal plate (negative for Nkx6.2). When they differentiate and start their radial migration into the mantle zone, they could start to express Nkx6.2. The second hypothesis could be that the cells originate in the alar Nkx6.2-positive ventricle. They would migrate tangentially, maintaining the Nkx6.2 expression, to a more ventral position.
Expression Patterns in the Mes-Diencephalic Basal Plate
The scattered Nkx6.2-positive neurons in the mantle layer detected in the E10.5 basal midbrain become a dense and strongly stained population at E11.5 ( Fig. 2A ). Nkx6.1 expression at this stage is detected in two ventricular domains (arrows in Fig. 2B ), one situated in the alar plate and almost coincident to Nkx6.2 ventricular expression (arrowhead in Fig. 2A ) and the other located in the basal plate. The superposed image (Fig. 2D) shows a high level of overlap between the dorsal ventricular domain of Nkx6.1 and the ventricular domain of Nkx6.2. A group of positive cells is also found in the mantle zone of the mesencephalic basal plate (Fig. 2B) . The red nucleus, located in the basal plate (Puelles, 2007) , is identified by the transcription factor Pou4f1 (Fedtsova and Turner, 1995) . At E11.5, the expression of this gene is detected for the first time in the putative area of the red nucleus (Fig. 2C ). The three expression patterns superposed (Fig.  2D) show a similar distribution in the same area of the basal plate. This area is mapped as the progenitor domain m6 (Nakatani et al., 2007) , which produces glutamatergic red nucleus neurons. In order to define the rostral limit of the Nkx6.2, Nkx6.1, and Pou4f1 expression, we sectioned E11.5 embryos in a horizontal plane. The resulting data show that Nkx6.2 is expressed in the basal plate as a longitudinal band along the midbrain
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and the diencephalon (Fig. 2E ). This longitudinal band is close to the ventricular surface. Nkx6.1 displays a similar pattern but includes a broader domain, including the ventricular layer and a wider expression in the mantle layer (Fig. 2F) . The Nkx6.1-positive longitudinal band seems to extend rostrally with respect to Nkx6.2. Pou4f1 is also expressed as a longitudinal band (Fig. 2G) ; the mesencephalic aspect of the band corresponds to the magnocellular red nucleus and the diencephalic with the parvocellular red nucleus (Puelles, 2007) . The superposed image (Fig. 2H ) reveals three longitudinal domains that coincide in the mantle area of the mes-diencephalic basal plate. The three expression domains display different rostral limits. Nkx6.1 expression is the most extended rostrally (arrow in Fig. 2H ).
At E12.5, Nkx6.2 (Fig. 3A) , Nkx6.1 (Fig. 3B) , and Pou4f1 (Fig. 3C) display a similar pattern. The mantle zone of the basal plate is now further developed and the three genes label discrete populations in this area. It is interesting that the superposed image now indicates a small level of overlap between Pou4f1 and Nkx6.1 and Nkx6.2 (Fig. 3D ). This level of coexpression was previously observed (Prakash et al., 2009) . Therefore, these genes seem to identify different populations located at different radial levels in the mantle zone of the basal midbrain.
At E12.5, Nkx6.2 expression is maintained as a longitudinal band with a similar extension (Fig. 3E) . Nkx6.1 undergoes a visible change and now the ventricular surface shows a weaker expression and the longitudinal band in the mantle zone is narrower (Fig. 3F) . Pou4f1 expression reveals the location of the red nucleus (Fig. 3G ) and its extension into the diencephalic basal plate. The overlapped image (Fig. 3H) 
Expression Patterns in the Context of the Basal Neuronal Populations
At E15.5, the neuronal populations of the mes-diencephalic basal plate are already specified and are almost located in their final position. At this point, we analyzed the expression of Nkx6.2 and Nkx6.1 with the intention of relating it to the final nuclei. Nkx6.2 appears as a longitudinal domain, which extends from the diencephalon. A few scattered cells can be detected in the rostral diencephalon (Fig. 4A) . The number of positive cells increases as we move caudally (Fig.  4B ). This longitudinal domain continues in the rostral mesencephalon (Fig. 4C) but it is almost absent in the caudal part (Fig. 4D ). In the caudal midbrain, we can still detect the alar domain of Nkx6.2 (arrow in Fig. 4D ). In the hindbrain, two discrete populations express Nkx6.2 weakly: A portion of the trigeminal nucleus (Fig.  4C ) and reticular formation associated with the facial nucleus (Fig.  4C,D) . The expression of Nkx6.1 also extends from the diencephalon into the mesencephalon. Nevertheless, its expression elongates rostrally and caudally when compared to Nkx6.2. It is detected at both sides of the retroflexus tract (Fig. 4E ). This tract courses along the limit between the thalamus (intermediate segment of the diencephalon, prosomere 2 in the prosomeric model; Puelles and Rubenstein, 2003) and the pretectum (posterior segment of the diencephalon, prosomere 1). As we move caudally, the expression of Nkx6.1 is located in the same area as the expression of Nkx6.2 ( Fig. 4F-H) . This data supports the previously reported evidence of a high level of co-expression between these two genes in the rostral midbrain (Prakash et al., 2009 ). In the caudal midbrain, the expression of Nkx6.1 diverges from Nkx6.2, and identifies Fig. 3 . Expression patterns in the developing mes-diencephalic basal plate. A-C: In situ hybridization in E12.5 embryo sectioned transversally to the midbrain in parallel series with Nkx6.2 (A), Nkx6.1 (B), and Pou4f1 (C). E-G: In situ hybridization in E11.5 embryo sectioned horizontally in parallel series with Nkx6.2 (E), Nkx6.1 (F), and Pou4f1 (G). D, H: Color-coded overlays of hybridizations for Nkx6.2 (green), Nkx6.1 (red), and Pou4f1 (blue) genes. The result displayed in each photomicrograph is the result of the superposition of adjacent sections. The dashed square in C and G indicates the area displayed in D and H, respectively. ap, alar plate; bp, basal plate; Di, diencephalon; fp, floor plate; Mb, midbrain; rp, roof plate; Tel, telencephalic vesicle; Th, thalamus.
the oculomotor nucleus. In the hindbrain, Nkx6.1 is expressed in the interpeduncular nucleus and in diverse parts of the reticular formation as well as in the trigeminal and facial motor cranial nuclei (Fig. 4E-H ). Pou4f1 appears also as a longitudinal band, which corresponds to the red nucleus. The staining is detected in the caudal diencephalon (Fig. 4I,J) where the parvocellular portion of the red nucleus is located. In the midbrain, the positive cells for Pou4f1 appear as the typical compacted and rounded magnocellular portion of the red nucleus (Fig. 4K,L) . In the rostral hindbrain, Pou4f1 labels the interpeduncular nucleus (Fig. 4L) . At this stage, it is obvious that Nkx6.1 and Nkx6.2 label a neuronal population located medial to the red nucleus, probably corresponding to a part of the reticular formation. This observation is in agreement with previous data (Prakash et al., 2009 ) where a population positive for both Nkx6.2 and Nkx6.1 but negative for Islet1 and Pou4f1 is described at E12.5.
We also analyzed the expression of Nkx6.1 in postnatal stages (p7 and p15) and in the mature brain. There is no substantial change with the pattern observed (data not shown). The expression of Nkx6.2 is maintained at the postnatal stage p7 but at later stages is almost impossible to follow its expression due to the fact that this gene starts to be expressed in the maturating oligodendrocytes (data not shown; Southwood et al., 2004) .
Characterization of Nkx6.1-and Nkx6.2-Positive Neuronal Populations
We analyzed in detail the colocalization of Nkx6.1 and Nkx6.2 in the mes- Fig. 4 . Late gene expression and basal neuronal populations. In situ hybridization in E15.5 embryo sectioned transversally to the diencephalon and the midbrain in parallel series with Nkx6.2 (A-D), Nkx6.1 (E-H), and Pou4f1 (I-L). The rostral diencephalon is represented in A, E, and I, the caudal diencephalon in B, G, and J, the rostral midbrain in C, G, and K, and the caudal midbrain in D, H, and L. Arrow in E indicates the Nkx6.2 expression in the alar plate. The dashed line indicates the alar-basal boundary. fr, retroflexus tract; IP, interpeduncular nucleus; RNp, red nucleus parvocellular; RNm, red nucleus magnocellular; III, oculomotor nucleus; V, trigeminal nucleus; VII, facial nucleus.
diencephalic longitudinal band at E15.5. In the diencephalon (Fig. 5A ) and rostral mesencephalon, the coexpression is almost complete. In the caudal mesencephalon, Nkx6.2 is present in scattered cells and does not overlap completely with the expression of Nkx6.1 in the oculomotor nucleus (Fig. 5E) . The Nkx6.2-positive neurons appear concentrated in the dorsolateral portion of the oculomotor complex corresponding with the position of the accessory oculomotor nucleus (Edinger-Westphal nucleus). The Nkx6.1-positive ventricle is mapped as the progenitor domain m6 (Nakatani et al., 2007) , which is described as a glutamatergic domain. In order to better describe the nature of the neurons that contribute to this longitudinal domain, we analyzed markers as Gad67 (gabaergic neurons), vGluT2 (glutamatergic neurons), Choline acetyl transferase (ChAT, motor neurons), and Tyrosine Hydroxylase (TH, dopaminergic neurons) at E15.5 and E18.5. At E15.5, the longitudinal Nkx6.1 domain in the diencephalon establishes a sharp dorsal boundary with the gabaergic populations (Fig.  5B) . Although in the mesencephalon the Nkx6.1-positive neurons appear intermingled with gabaergic neurons, Fig. 5 . Characterization of the Nkx6.1 and Nkx6.2 neuronal populations. A-I: Transversal sections at E15.5 through the diencephalon (A-D) and the mesencephalon (E-I). J-L: Transversal sections at E18.5 through the mesencephalon. M-R: Transversal sections at E15.5 through the hindbrain. In situ hybridization with Nkx6.2 (blue color) and immunohistochemistry with aNkx6.1 antibody (black color) in A, E, J, M, and P (these are the same sections showed in Fig. 4B and D) . Double immunostaining with aGad67 (brown color; gabaergic neurons) and aNkx6.1 (black color) in B, F, and L. Double immunostaining with avGluT2 (brown color; glutamatergic neurons) and aNkx6.1 (black color) in C, G, K, N, and Q. Immunostaining with aTH (dopaminergic neurons) in D and H and aChAT (cholinergic neurons) in I, O, and R. Immunostaining in E15.5 embryo sectioned transversally to the midbrain in parallel series using antibodies against Choline acetyltransferase (ChAT; P-T; identify motorneurons) and Tyrosine hydroxylase (TH; U-Y; identify dopaminergic neurons). IP, interpeduncular nucleus; RNm, red nucleus magnocellular; SN, sustantia nigra; VTA, ventral tegmental area; III, oculomotor nucleus; V, trigeminal nucleus; VII, facial nucleus. no double staining is observed. The red nucleus is clearly negative for this marker (Fig. 5F ). This longitudinal band is moderately positive to vGlut2, and the Nkx6.1-positive neurons are also positive for vGluT2 (Fig. 5C ). The strong positive staining of vGluT2 in the oculomotor nucleus is probably due to a pre-synaptic accumulation of the vGluT2 protein ( Fig. 5G ; the motor neurons are cholinergic but receive strong glutamatergic afferences). The Nkx6.1-Nkx6.2-positive domains are lateral to the dorsal aspect of the ventral tegmental area, positive for TH in the diencephalon and the mesencephalon (Fig. 5D,H) . The oculomotor complex is clearly identified by their immunoreactivity to ChAT (Fig. 5I) . At E18.5, the same relations are maintained. Nkx6.1 and Nkx6.2 are coexpressed in the rostral mesencephalon (Fig. 5J) , coinciding with the location of the oculomotor complex. This structure is still highly reactive for vGluT2 (Fig. 5K) . At this stage, we can now identify the red nucleus, also described as a glutamatergic population ( Fig. 5K ; Nakatani et al., 2007) . Gabaergic neurons appear intermingled with the Nkx6.1-positive neurons (Fig. 5L) .
In the hindbrain, the trigeminal and the facial cranial nerves are strongly positive for Nkx6.1 (Fig.  5M,P) . These populations appear positive for vGluT2 as the oculomotor nucleus. As explained before, this fact is probably due to a presynaptic accumulation of the protein (Fig. 5N,Q) . The motor neurons of these populations are cholinergic neurons as proven by their immunoreactivity to ChAT (Fig. 5O,R) . Therefore, we have found a population positive for Nkx6.1 and Nkx6.2 with a longitudinal distribution along the basal midbrain and diencephalon. We hypothesize that this longitudinal domain, positive for both genes, could correspond from rostral to caudal to a functional column integrated in the reticular formation. The medial portion of this column, positive for Nkx6.2, could correspond, due to its position, to the recently described preEdinger-Westphal nucleus Franklin and Paxinos, 2008 ). This population is described as an extension of the Edinger-Westphal nucleus into the diencephalon. The lateral aspects of this column would contribute to the rostral interstitial nucleus in the thalamic segment (prosomere 2, Puelles and Rubenstein, 2003) , to the interstitial nucleus of Cajal in the pretectal segment (prosomere 1, Puelles and Rubenstein, 2003) , and to the interstitial mesencephalic nucleus (in the mesencephalic segment). All these populations are related functionally as they are premotor nuclei related to the saccadic movements of the eyes.
EXPERIMENTAL PROCEDURES Mice Embryos
The strain used was C57 BL/6J. The day of the vaginal plug formation was regarded as embryonic day 0.5 (E0.5). All mouse experiments were performed according to protocols approved by the Universidad Miguel Hernandez CEIE committee.
In Situ Hybridization
In situ hybridization was performed as previously described (Vieira and Martinez, 2006) . Some embryos were processed as whole-mounts and others were wax embedded (Gemcut emerald paraffin, Spiele no. 24364-1) and sectioned in parallel series (7 mm thick). The in situ hybridization was developed after dewaxing and rehydration of the sections. RNA probes were prepared from plasmids kindly provided by A. Simeone (Nkx6.2 and Pou4f1) and O. Marin (Nkx6.1).
Immunohistochemistry
Wax-embedded embryos were sectioned in parallel series and incubated with the antibodies: aChAT, Chemicon Cat. No. AB144P, 1:100; aGad67, Millipore Cat. No. MAB5406, 1:300; Nkx6.1, Hybridoma Bank Cat. No. F55410, 1:20; aTH, Institute Jacques Boy Cat. No. 268020234, 1:1,000; avGluT2, Alpha Diagnostic Cat. No. 575657A2, 1:100.
Sample Preparation and Imaging for OPT
Whole mount embryos stained by in situ hybridization were mounted in 1% agarose, dehydrated in methanol, and then cleared in BABB (1 part Benzyl Alcohol: 2 parts Benzyl Benzoate). The sample was imaged in both the bright-field and auto fluorescence channels (425 nm) and the images were reconstructed using in-house software designed as part of the Edinburgh mouse atlas project (Baldock et al., 2003; Christiansen et al., 2006) . Bioptonics 3001 OPT Scanner software was used to generate the 3D images.
